Poliomyelitis, a disease which can manifest as muscle paralysis, is caused by the poliovirus, which is a human enterovirus and member of the family Picornaviridae that usually transmits by the faecal-oral route. The viruses of the OPV (oral poliovirus attenuated-live vaccine) strains can mutate in the human intestine during replication and some of these mutations can lead to the recovery of serious neurovirulence. Informatics research of the poliovirus genome can be used to explain further the characteristics of this virus. In this study, sequences from 100 poliovirus isolates were acquired from GenBank. To determine the evolutionary relationship between the strains, we compared and analysed the sequences of the complete poliovirus genome and the VP1 region. The reconstructed phylogenetic trees for the complete sequences and the VP1 sequences were both divided into two branches, indicating that the genetic relationships of the whole poliovirus genome and the VP1 sequences are very similar. This branching indicates that the virulence and pathogenicity of poliomyelitis may be associated with the VP1 region. Sequence alignment of the VP1 region revealed numerous mutation sites in which mutation rates of .30 % were detected. In a group of strains recorded in the USA, mutation sites and mutation types were the same and this may be associated with their distribution in the evolutionary tree and their genetic relationship. In conclusion, the genetic evolutionary relationships of poliovirus isolate sequences are determined to a great extent by the VP1 protein, and poliovirus strains located on the same branch of the phylogenetic tree contain the same mutation spots and mutation types. Hence, the genetic characteristics of the VP1 region in the poliovirus genome should be analysed to identify the transmission route of poliovirus and provide the basis of viral immunity development.
INTRODUCTION
Poliomyelitis, caused by the poliovirus, is an acute viral infectious disease that attacks the circulatory system and invades the nervous system. This disease primarily affects children aged one to six years. Clinical manifestations vary and the main symptoms include fever, general malaise, severe physical pain and total paralysis (Tavares et al., 2013) . Humans are the only primary natural hosts; however, primates and Old World monkeys can be experimentally infected with this virus. Poliovirus is a typical picornavirus, and has a small non-enveloped virion of approximately 27 nm in diameter. The icosahedral capsid particle is composed of 60 copies and each of the copies contains capsid proteins VP1, VP2, VP3 and VP4 (Roberts et al., 2012) . Polioviruses comprise three serotypes (PV1-3) and immunity against one type does not inhibit infection by the two other types (Odoom et al., 2012) . The whole viral genome is approximately 7440 nt in length and 90 % of this genome comprises a large open reading frame encoding a single polyprotein (Tavares et al., 2013) . The VP1 region, which contains 906 nt and encodes the major capsid protein, is thought to contribute to the virulence and pathogenicity of the whole virus (Pan et al., 2006) . Viral transmission usually occurs via the faecal-oral route; the virus multiplies mainly in the small intestine and throat, although exact histological sites have not yet been established (John et al., 2011) . In 1-2 % of infected individuals, the virus enters the central nervous system and replicates in the motoneurons in the spinal cord, brainstem, or motor cortex producing muscle paralysis (Racaniello, 2006) .
The oral poliomyelitis vaccine (OPV) was the first tool used in the attempt to eradicate poliomyelitis worldwide (Rhoden et al., 2013) . In the winter of 1963, annual campaigns were conducted to administer live-attenuated OPV (Luo et al., 2013) . Since 1978, OPV has been included in the World Health Organization's (WHO) Expanded Program on Immunization and the incidence rate of poliomyelitis has rapidly decreased (Kew et al., 2002) . Poliovirus is susceptible to sequence drift; after individuals have been vaccinated for a relatively long period, the poliovirus is excreted into the environment and OPVs can efficiently eradicate wild polioviruses. However, the risks associated with this vaccination have increased (Blomqvist et al., 2012) . Although OPVs were developed to prevent infection, OPVs can induce poliomyelitis infection, which can then be transmitted from one person to another (Minor, 2009 ). Attenuated poliovirus is highly adaptable and can mutate to increase its virulence; as a result, the incidence and spread of poliomyelitis are increasing and levels of circulating vaccine-derived poliovirus (VDPV) isolates are enhanced (Shimazawa & Ikeda, 2012) . Circulating VDPVs are recombinant isolates that include sequences either from OPV strains or other enteroviruses circulating in the environment (Pastoret, 2010) . In microcosmic environments, the VP1 region contains distributed mutation points in an increasing number of polio vaccine-related strains with mutation rates of ,1 % (Haddad-Boubaker et al., 2008) . In the regional distribution of this disease, viruses are present in low concentrations and exhibit limited circulation in local areas (Dimitriou et al., 2013) . To determine the relationship of polio strains at a molecular level, we selected 100 representative strains and analysed the corresponding sequences. We also reconstructed phylogenetic trees using the whole poliovirus genome sequence and the VP1 region sequence. To determine whether genetic mutations affect the distribution of strains in the evolutionary trees, we performed sequence alignment to search for mutation hotspots in the VP1 sequences.
METHODS
A total of 100 poliovirus isolate sequences were downloaded from GenBank using the BLAST program (http://blast.ncbi.nlm.nih.gov/ BLAST). We first selected a single serotype (PV1) for analysis utilizing the PubMed database (http://www.ncbi.nlm.nih.gov/pubmed/). For our bioinformatic analyses, 100 sequences were selected at random from the numerous complete PV1 genomes available in the databases. The representative sequences were from three geographic areas: 61 from the USA, 23 from Asia and 16 from Europe ( Table 1 ). All of the sequences were separated from people who had been vaccinated and had been isolated from acute flaccid paralysis (AFP) cases or stool specimens of healthy individuals in accordance with WHO standard protocols. All of the isolates, which were at least 95 % identical in VP1 sequence, belonged to the same PV1 serotype from different strains. Phylogenetic analyses based on the whole gene sequences and VP1 sequences were conducted using the distance-based neighbourjoining method using MEGA v. 4.0 software (Pan et al., 2012) . Mutation hotspots were identified by aligning the sequences with the reference Sabin strain (GenBank accession no. AY184219) using DNASTAR software. GENEDOC software was used for sequence alignment and to identify the location and the type of mutation points present (Schindler & Fischer, 2012) . The mechanism by which these mutations occurred (i.e. A to G or A to T) was also investigated. In addition, we determined whether isolates with similar mutation spots and mutation types were located in the same branch of the phylogenetic tree to estimate the relationship between gene mutation and genetic evolution of the poliovirus strains.
RESULTS

Analysis of the phylogenetic trees
The phylogenetic tree reconstructed using the whole genome sequences of 100 poliovirus strains was divided into two branches (Fig. 1) ; the phylogenetic tree reconstructed based on the VP1 sequences was divided into three branches and there was one branch with only two isolates (Fig. 2) . We found that the shape and the branches of the two phylogenetic trees were substantially identical, and the sequences on each branch are similarly identical and, as only highly homologous sequences were located in the same branch or close to each other, the phylogenetic tree of the whole genome sequence might resemble the shape of the phylogenetic tree based on the VP1 protein because VP1 is the major virulence protein of the virus. Therefore, the VP1 protein may be highly associated with the virulence of the poliovirus. By contrast, VP1 gene mutations or restructuring could lead to the transition of a strain type. Table 2 indicates the neurotoxicity points that were found in the VP1 region. Several strains collected from different areas were detected in the same branch but exhibited slight differences. Such differences indicate that the polioviruses infecting individuals worldwide are generally the same.
Sequence alignment
VP1 sequences were compared and analysed. The results revealed multiple mutations with a total of 12 mutation hotspots: nt 81, nt 221, nt 274, nt 290, nt 292, nt 319, nt 406, nt 526, nt 541, nt 733, nt 817 and nt 892. Numerous isolates were mutated in these sites at a mutation rate of .30 %. Table 2 shows the specific positions and types of nucleotide mutations identified in the VP1 region when the isolates were compared with the Sabin 1 (GenBank accession no. AY184219) sequence as reference. Hotspots were searched by conducting a comparative analysis; the results showed that a group of strains isolated from the USA exhibited similar mutations at several sites (nt 330, A to G; nt 826, C to T). These mutation positions and types were exactly the same; however, no mutations were found in these sites in other isolates. Only rare mutations were found in these positions in the other isolates. In the phylogenetic tree, mutations occurred in these sites to a higher extent in the group of isolates from the USA than in other groups; hence, a closer genetic relationship was observed in these isolates or those in the same branch.
DISCUSSION
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Scattered mutation points are present in VP1 sequences. The P1 region encoding capsid proteins may be an important variable in the whole genome among different strains of polioviruses (Blomqvist et al., 2010; Luo et al., 2013) . In theory, each nucleic acid of the poliovirus genomic RNA molecule could undergo mutation; however, the distribution of mutations in the genome was not random. By contrast, several mutation types were observed at a higher than average frequency. Mutation hotspots were observed in the VP1 coding regions of the genomes but were not completely randomized; each nucleic acid also exhibited a different mutation probability. Some mutation hotspots are also associated with neurotoxicity (Rekand et al., 2003) . For example, the mutation hotspot related to neurotoxicity is found at nt 2749 in type I poliovirus. Mutant strains, U K E U 7 9 4 9 5 3 U K E U 7 9 4 9 6 3 U K E U 7 9 4 9 5 5 U K E U 7 9 4 9 6 4 U S A E U 7 9 4 9 6 1 U K E U 7 9 4 9 5 8 U K E U 7 9 4 9 5 6 U K EU 79 49 59 UK EU 794 957 UK EU794 962 UK EU794960 UK Fig. 1 . Phylogenetic tree reconstructed from whole genome sequences of 100 poliovirus isolates by the distance-based neighbour-joining method using MEGA v. 4.0 software (http://www.megasoftware.net). Bootstrap values were calculated on 1000 replicates of the alignment. The whole genome sequence of the poliovirus evolved into two branches. CN, China; GER, Germany; JPN, Japan; RUS, Russia.
produced from an A to G mutation at the nt 2749 site, are virulence back-mutation strains. As such, this site is exposed to extreme selection pressure and easily undergoes mutation, reproducing wild-type strains. Moreover, this process is likely to cause a series of changes in virulence that may paralyse many patients, resulting in a rapid increase in AFP cases. Several similar exchanges are caused naturally by mutated hotspots between amino acids (Li et al., 1996) . Approximately 12 mutation hotspots were found in 100 isolates and .30 % of these isolates were mutated at these mutation points. Such mutations may affect the genetic relationships and distributions of the poliovirus strains in the phylogenetic tree and may be associated with changes in virus virulence. For example, a group of strains isolated in the USA were found on similar branches of the phylogenetic tree because they mutated at the same sites; other isolates did not mutate and exhibited the same mutation types. Therefore, changes in specific gene loci may affect the relationships and distribution of strains in the phylogenetic tree. Changes in nucleotide sequences may cause changes in protein properties and affect the biological characteristics of the poliovirus. These characteristics should be investigated further. Genetic recombination, as one of the mechanisms of the molecular evolution of RNA viruses, can help the virus to adapt easily in host systems and evade host immunity. The observation of genetic recombination suggests that the C N E U 7 9 4 9 6 4 U S A E U 7 9 4 9 6 3 U K E U 7 9 4 9 6 2 U K E U 7 9 4 9 6 1 U K E U 7 9 4 9 5 6 U K EU 79 49 60 U K EU 79 49 58 UK EU79 4959 UK EU794957 UK EF68 2348 USA EF 68 23 50 US A E F6 82 34 3 U S A E F 6 8 2 3 4 7 U S A E F 6 8 2 3 5 2 U S A E F 6 8 2 3 5 3 U S A E F 6 8 2 3 4 6 U S A E F 6 8 2 3 4 9 U S A E F 6 8 2 3 5 4 U S A E F 6 8 2 Fig. 2 . Phylogenetic tree reconstructed using the poliovirus VP1 region sequences. A neighbour-joining phylogenetic tree of 99 sequences taken from 906 bp of the poliovirus VP1 region was reconstructed by the distance-based neighbour-joining method using MEGA v. 4.0 software. Bootstrap values were calculated on 1000 replicates of the alignment (bar, 0.005). VP1 sequences of poliovirus evolved into three branches with only two isolates on one branch. Therefore, this distribution is consistent with the evolutionary distribution of the whole genome sequence of the poliovirus. CN, China; GER, Germany; JPN, Japan; RUS, Russia.
monitoring of the region's epidemiology and laboratory should be strengthened to maintain a high level of immunization coverage of OPV (Stevens et al., 2013) . The monitoring procedures for the poliovirus in external environments and the detection and prevention of the possible circulation of VDPVs should be improved. The relationship between restructured sites and neurotoxicity has not yet been determined in vaccine-related polio types or in mutant virus isolated from healthy patients. Mutations are likely to occur in immunocompromised children or individuals (Zhang & Hou et al., 2010) . Studies have shown that mutation is not the primary cause of increasing virulence and propagation; instead, this increase in virulence and propagation occurs in a specific population during the virus' life cycle. Therefore, mutation is highly important in the immune system to stimulate vaccine immunization coverage in a region, but a polio-free environment poses a great challenge to researchers. For this reason, further studies should be conducted to determine whether mutation can increase the virulence of viruses. Studies should also be conducted to prevent potential risks associated with increased virulence.
In conclusion, this study provides evidence that the genetic evolutionary relationship of poliovirus strains has been determined to a great extent by the VP1 protein. In VP1 sequences, 12 mutation hotspots were found in which the mutation rate was greater than 30 %. Using bioinformatics analyses, we found that the selected strains containing the same mutation spots and mutation types were located on the same branches of the phylogenetic tree. 
